Microfluidics is used in a broad range of applications, from biology and medicine to chemistry and polymer science, because this versatile platform enables rapid and precise repeatability of measurements and experiments on a relatively low-cost laboratory platform. Despite wide-ranging uses, this powerful research platform remains under-utilized by the atmospheric aerosol science community. This review will summarize selected microfluidic concepts and tools with potential applications to aerosol science. Where appropriate, the basic operating conditions and tunable parameters in microfluidics will be compared to typical aerosol experimental methods. Microfluidics offers a number of advantages over larger-scale experiments; for example, the small volumes of sample required for experiments open a number of avenues for sample collection that are accessible to the aerosol community. Filter extraction, spot sampling, and particle-into-liquid sampling techniques could all be used to capture aerosol samples to supply microfluidic measurements and experiments. Microfluidic concepts, such as device geometries for creating emulsions and developments in particle and droplet manipulation techniques will be reviewed, and current and potential microfluidic applications to aerosol science will be discussed.
Introduction
Microfluidics is a large research field encompassing a number of wide-ranging disciplines, such as engineering, biology, medicine, and environmental monitoring. With miniaturization of fluid channels comes a number of key advantages available to these disciplines. The photolithography techniques used to fabricate microfluidic devices allow rapid prototyping at relatively low cost, which means that new applications for these devices can be easily explored. Short length scales (see SEM images of microchannels in Figure 1 ) offer practical advantages, such as smaller device footprints, making well-controlled thermal environments easier to obtain. Small devices also lead to significantly reduced volumes of sample and reagents necessary to conduct analyses, leading to lower costs and expanding the number of sample collection techniques which may be employed. More advanced fabrication techniques produce multi-layered devices that include pumps, valves, and mixing chambers on a single device (Unger et al. 2000) and temperature measurement and control alongside or embedded in fluid flow channels (Lee et al. 2017) . For a more complete overview, in the online supplemental information (SI), Table S1 has a comprehensive list of microfluidic applications and review articles, SI Section 1 contains a brief history of microfluidic advances since the 1970's, and SI Section 2 has more details on fabrication techniques and materials used in microfluidics. In general, these all-in-one microfluidic devices can include sample injection, movement, mixing, reaction, separation, and detection and are appropriately called a "lab-on-a-chip" (Stone et al. 2004; Whitesides 2006) .
Aerosol science can also tap into the benefits of using a microfluidic platform. Biphasic (droplet) microfluidics can be used to (1) study interfacial phenomena of aerosol chemical mimics using droplets (liquid-liquid interface) or bubbles (liquid-air interface) and (2) encapsulate an aerosol particle in one phase (e.g., an aqueous phase for dissolution of water-soluble species) for transport by an immiscible, carrier phase. Once in the device, rapid sorting, manipulation, and measurements are possible with a variety of geometries. Already, recent studies have begun to use microfluidics for measurements of interfacial tension to characterize chemical mimics of atmospheric aerosol (Metcalf et al. 2016; Boyer and Dutcher 2017) and for detection of bioaerosol hazards (Damit 2017) . In recent development of low-cost sensors, microfluidic and micro electromechanical systems (MEMS) devices have seen increasing application, such as the air-microfluidics based PM 2.5 sensor that can be used for affordable personal monitoring of hazards such as tobacco smoke or diesel exhaust (Paprotny et al. 2013) . In addition, a microfluidic nebulizer could improve the monodispersity of aerosol populations for calibration of traditional aerosol sampling instruments (Amstad et al. 2017) .
This review will describe selected microfluidic concepts from the perspective of atmospheric aerosol science. Where appropriate, current applications of microfluidics to aerosol science will be reviewed, and potential applications will be presented. Section 2 will discuss basic microfluidic flow concepts with comparisons to typical atmospheric aerosol analogues. A review of selected microfluidic experimental capabilities, including control by electrical, chemical, and temperature gradients, will demonstrate the versatility of the microfluidic platform. Section 3 will discuss using microfluidics as a measurement platform to characterize physical, chemical, and thermodynamic properties of fluids relevant to atmospheric aerosol science. Section 4 will discuss microfluidic experiments which can be used to observe specific phenomena which occur in atmospheric aerosol and will draw comparisons to singleparticle techniques currently employed by the aerosol community. In each section, the similarities and differences between the microfluidic framework and traditional atmospheric aerosol science will be discussed.
Microscale phenomena

Dimensionless groups in microfluidic flow
and aerosol science
Several key dimensionless groups for single-phase and two-phase microfluidic flows are detailed below and compared to analogs in atmospheric and laboratory aerosol studies. One hallmark characteristic of microfluidic flow is that viscous forces dominate over inertial forces, resulting in laminar flow. This flow type can be described using the Reynolds number, Re, the ratio of inertial to viscous forces, and is most generally expressed as
where U is characteristic fluid velocity, l is characteristic object length, and n is fluid kinematic viscosity. In a microfluidic device with a rectangular channel cross-section, U is typically the average velocity of fluid flow in the channel and l is the hydraulic diameter of the flow channel (Gravesen et al. 1993; Christopher and Anna 2007) . Typical channel dimensions and flow rates used in microfluidic devices lead to Re ( 1, which is laminar flow (Purcell 1977) . Atmospheric aerosol scientists typically consider Re from two perspectives. The first is for the flow of particle-laden air in a sampling tube of an instrument, which is typically desired to be laminar flow (Re < 2000) to reduce the amount of particle losses due to inertial deposition onto the tubing walls. The second perspective is for particle Reynolds number, Re p , in which flow is considered laminar for Re p < » 0:1 (Kulkarni et al. 2011) . In a channel, Re characterizes whether fluid flow is turbulent or laminar and a similarity in Re means a similarity in flow kinematics (Hinds 1999) . Figure 2 displays a comparison of flow regimes over a range of microfluidic and aerosol particle sampling conditions. The key difference between the microfluidic framework and the aerosol sampling regime in Figure 2 is that microfluidics usually involves the flow of liquid and aerosol sampling involves the flow of particle-laden air. The orders of magnitude difference in viscosity and typically faster flow velocities in aerosol sampling lead to a significantly smaller Re in typical microfluidic experi- ments as compared to aerosol particle sampling conditions. Both flows are typically laminar, and microfluidics provides a wider range of typical operating conditions well below the critical Reynolds number.
While single-phase microfluidics may prove useful for some applications, the use of two or more immiscible fluid phases greatly expands the number of applications available to microfluidics. The observed physics accessible in multi-phase microfluidics is typically described by several dimensionless groups (e.g., Squires and Quake 2005) . Note that the dimensionless groups are organized according to their dominant use but may be relevant for other applications than those discussed here. To compare flow regimes between typical microfluidic and aerosol applications, "model" microfluidic channels and aerosol particles are considered. The model microfluidic channel is a straight 200 mm wide by 100 mm tall channel with 1 mL min ¡1 flow of silicone oil (poly(dimethylsiloxane), r D 0:96 g mL ¡ 1 , h D 45 mPa s, Fisher Scientific, CAS 63148-62-9) (Barca et al. 2014 ). The model aerosol particle is 1 mm diameter and r p D 1:58 g cm ¡ 3 (Cross et al. 2007) in "Normal Air" (NTP, p D 1 atm, T D 293 K) (Kulkarni et al. 2011) .
In multiphase flows, it is important to distinguish between continuum flow, in which the discrete molecular nature of a carrier fluid is ignored, and slip flow, in which a dispersed phase (usually solid or liquid particles) can "slip" between the fluid molecules of the carrier phase. To describe the flow regime, the Knudsen number, Kn,
is defined as the ratio of the material dimension, λ, which depends on the fluid, to the characteristic flow dimension, l, through or around which the fluid is traveling. The material dimension is the mean free path (gases), molecular spacing (liquids), or grain size (solids). The characteristic length scale is particle diameter, when describing particle-laden flow, or channel dimension (usually hydraulic diameter), when describing microfluidic flow. Typically, Kn < 1 defines continuum flow, Kn ) 1 defines free molecular or kinetic flow, and Kn between these extremes defines the transition regime (Squires and Quake 2005; Kulkarni et al. 2011; Seinfeld and Pandis 2016) . In both microfluidics and aerosol science, the characteristic length scales can be on the same order as the material dimension leading to a range of possible flow regimes. For gas flows especially, several flow regimes can occur within the same microchannel (Gad-el-Hak 1999) . In the design of microfluidic experiments, Kn can be tuned to define a flow field which mimics an aerosol flow of interest. Because the flow inside microfluidic devices is laminar and slow, either advection or diffusion or both may play a role in the mixing of immiscible fluids. The P eclet number (P e) is a dimensionless number which compares the relative effects of advective to diffusive transport,
where U is the fluid velocity, l is the characteristic length scale (of a boundary towards which diffusion is occurring), and D is the diffusivity (of molecules or particles in the fluid flow). Depending on the exact experimental setup, P e can be defined in a number of ways. For typical straight microfluidic channels >100 mm wide, P e is large, indicating that advection of the fluid contents downstream is more important than diffusion to the walls of the flow channel. Geometries can also be designed to explore low and moderate P e regimes to control diffusional mixing of two parallel-flowing fluids (Alvarez et al. 2012) .
In some microfluidic experiments, the diffusion of molecules to a trapped bubble, droplet, or solid particle is of interest, in which case l is the particle diameter. In these examples, the diffusivity is for whatever component in the carrier fluid is of interest, whether it be surfactant molecules or bubbles, droplets, or solid particles carried Figure 2 . Relevant flow regimes in microfluidic flows (use mL hr ¡1 ) and typical aerosol particle sampling (use liters per minute, LPM), for a given volumetric flow rate at a fixed hydraulic diameter. Microfluidic flow is considered in channels 100 mm tall ranging from 10 mm wide with ethanol (n D 0:983 cSt) to 1 mm wide with heavy mineral oil (n D 70 cSt). Typical microfluidic flows have Re < 1. Typical aerosol particle sampling is considered for sample tubing from about 1/8 in. to 1 in. diameter for sampling particles in air (h D 18:2 mPa s).
by the flow. In aerosol science, the P eclet number is often used to describe filter efficiency, where l is the width of a single fiber of the filter and D is the particle diffusion coefficient given by the Stokes-Einstein equation (Hinds 1999) . Other forms of the P eclet number are used to describe particle migration and penetration efficiencies through devices (Kulkarni et al. 2011) . In either application (microfluidics or aerosol), a large P eclet number indicates that advective transport processes are dominant, whereas a small P eclet number indicates that diffusion processes are dominant. Both applications can access similar advection-or diffusion-dominated flow regimes.
Surfaces and interfaces in biphasic microfluidic flows are important and dictate a number of physical processes. As the characteristic length decreases in the transition from macro-to micro-scale biphasic flows, the interfaceto-volume ratio increases. Therefore, as an experiment is scaled down to the microscale, interfacial forces, such as interfacial tension gradients and shear stresses, become dominant over volume forces, such as gravity and inertia (Bruus 2011) . Consequently, one has to consider the effect of interfacial tension, capillary, and Marangoni forces, typically expressed as dimensionless groups such as Capillary number (Ca), Bond number (Bo), and Weber number (We) to understand the flow regimes typically encountered in microfluidic devices. While not widely used in atmospheric aerosol science, these dimensionless numbers are important for understanding and operating microfluidic devices, and so are included here.
The Capillary number Ca is the ratio of viscous forces to interfacial tension,
where h is the dynamic viscosity and g is the interfacial tension. Microfluidic flow driven by syringe pumps can typically access Capillary numbers ranging from »10 ¡3 to 10 1 , meaning that a range of interface formation regimes are possible (Christopher and Anna 2007) . 
¡3
. Because the viscosity of air is small, interfacial forces typically dominate viscous forces on particles in the atmosphere. However, the presence of surfactants in atmospheric aerosol particles has the potential to dramatically lower interfacial (surface) tension of liquid particles which would raise atmospheric Ca (Petters and Petters 2016) .
The Bond number (Bo) is the ratio of gravitational forces (hydrostatic pressure) to interfacial tension and is a metric for the relative importance of body forces to surface forces in fluid flows. The Bond number is used to analyze the shape distortion of droplets in a continuous medium, such as in pendant drop experiments to measure interfacial tension (Berry et al. 2015) , and is defined as
where Dr is the difference in densities between the two phases, h is the characteristic length, and g is the interfacial tension between fluid phases. In a pendant drop measurement, interfacial tension holds a microscale droplet opposed by gravity on the tip of a capillary; measurement of this force balance is what allows determination of interfacial tension. On the microscale, because interfacial forces have a much greater influence on the system as compared to gravity, the droplets do not fall off the capillary and Bo is typically much less than unity. Bo is commonly on the order of 10 ¡3 for both horizontal and vertical orientations of a typical microfluidic device (Takeuchi et al. 2005 ). In the atmosphere, Bo would be similarly small owing to smaller droplets and potentially higher surface tensions; however, aerosol scientists rarely consider cases in which aerosol particles are "clinging" to another object.
Finally, the Weber number (We), is the ratio of inertial forces to interfacial tension and is defined as the product of the Reynolds and Capillary numbers,
The Weber number is significant when inertia and capillary forces are greater than the viscous stresses, but this is not often the case for either aerosol or microfluidic applications, which both have typical Weber number values in the range of 10 ¡5 -10 ¡2 . The exception is for dynamic events such as bubble formation and droplet break-up, where both inertial and viscous forces could have a pronounced effect on the process even though the flow remains laminar Zhao et al. 2006; Christopher and Anna 2007) .
Droplet generation
When considering two-phase microfluidic flows, droplet microfluidics is potentially applicable to aerosol science in two key ways: (1) to study the interfacial properties of aerosol chemical mimics and (2) to encapsulate an aerosol particle for transport and manipulation. Shearing one immiscible fluid by another forms droplets by competition between two primary stresses: viscous stresses which deform the fluid interface and capillary stresses which resist deformation (Taylor 1934; Christopher and Anna 2007) . The microchannel geometry plays an integral role in determining the type of flow field, which in turn controls the nature of fluid shearing. There are several categories of geometries that are used to generate droplets or bubbles in microfluidic devices (see Figure 1 and Figure S2 ), and these are discussed in detail in Section 4 of the SI. The fluids' viscosities, densities, and interfacial tension also influence the droplet formation process. Figure S2 displays images of drop generation from these different geometries. Figure S3 shows droplet size as a function of flow parameters for two droplet/bubble formation regimes in a T-junction geometry. Figure S3 demonstrates both the predictability of droplet size and the tenability of microfluidic devices for droplet generation.
In comparison to most classical aerosol generation techniques, microfluidic droplet-generation techniques offer a distinct advantage in the ability to produce highly monodisperse droplets, primarily owing to the confined microchannel geometry (Anna 2016) . Unconfined geometries, found in, for example, electrosprays, nebulizers, atomizers, and vibrating orifice aerosol generators (VOAGs), lead to a higher degree of polydispersity of the generated aerosol population (see Table 1 for a review of typical operating parameters for these aerosol generation sources). The polydispersity of droplets in a population is quantified by the coefficient of variation (a, in units of percent),
where s D p is the standard deviation on diameter of the size distribution of the emulsed droplets and D p is the number-weighted mean diameter. The polydispersity of emulsed droplets from early "T-junction" microchannel array devices were less than 2% (Kobayashi et al. 1999) , which was an immediate improvement over traditional emulsification techniques which typically produced a polydispersity of 10% or more (Sugiura et al. 2001b ).
With few exceptions, most traditional aerosol generation methods have a much larger polydispersity than microfluidic methods (Table 1) . Polydisperse aerosol generation methods require the use of an aerosol classifier, such as a differential mobility analyzer (DMA), to generate a monodisperse aerosol population; but even then, multiple charging of aerosol particles can introduce artifacts from larger particles. Table 2 compares typical particle diameters among biphasic microfluidics, single-particle aerosol experiments, traditional aerosol sampling instruments, and typical atmospheric classification of aerosol sizes. Clearly, microfluidics already operates in sizes similar to large coarse mode aerosol particles and cloud droplets. One potential limitation of current droplet microfluidics is that generated droplet sizes are typically larger than fine and ultrafine aerosol particles typically sampled in the atmosphere. Access to smaller droplet diameters, in the range of several hundred nanometers, is possible in some microfluidic geometries, and further emphasis on small-droplet techniques will broaden applications to aerosol science (Anna et al. 2003) .
Beyond simple two-phase flows, microfluidics can also be used to precisely fabricate "designer emulsions" in a stable and repeatable manner (Shah et al. 2008) . "Designer emulsions" simply refers to an emulsion in which the droplets have a complex morphology. These Table 1 . Selected aerosol generation techniques with typical size distribution parameters. CV is coefficient of variance, a, (Equation (7)). morphologies include core-shell particles, also called "double emulsions" because it is a droplet inside a droplet, and "multiple emulsions," so called because many immiscible layers can be stacked within a single droplet (Utada et al. 2005 Chu et al. 2007b; Abate and Weitz 2009) . Multiple emulsions are commonly formed by stacking single-emulsion geometries in series, meaning that although the droplet morphologies are complex, the microfluidic methods to produce these droplets are not significantly more complex than single-droplet generation methods (Okushima et al. 2004; Utada et al. 2007 ). Many other possible particle morphologies can be fabricated with these techniques, including solid particles, porous particles, vesicles, colloidal gel particles, and liquid crystal shells (Sugiura et al. 2001a (Sugiura et al. , 2002 Hayward et al. 2006; Fern andez-Nieves et al. 2007; Kim et al. 2007; Chu et al. 2007a; Dubinsky et al. 2008; Wan et al. 2008; Duncanson et al. 2012 ). Many of these morphologies, especially core-shell and multiphase particles, are hypothesized to occur naturally in atmospheric aerosol particles (Freedman et al. 2010; Freney et al. 2010; You et al. 2012) , meaning that generation of these particle types in a microfluidic device with the proper chemical mimics could provide a powerful tool for aerosol experimentation.
Microfluidic controls and external fields
Microfluidic devices are versatile with a wide range of bubble, droplet, and particle manipulation and measurement methods available. Many of these methods allow noninvasive, noncontact experiments on neutral, charged, magnetic, photophoretic, and chemically mobile particles that are of potential importance to aerosol science. A number of experimental controls are available to microfluidics, and their small size usually leads to improved control as compared to larger-scale experiments. Microfluidic flows can be driven by forces both internal and external to devices (Stone et al. 2004) . One of the most common methods to drive flow in these devices is with syringe pumps that supply a constant volumetric flow rate ( Figure S1A ). Some limitations from using syringe pumps, including slower flow equilibration times, are discussed in Section 3 of the SI. An alternative to using syringe pumps is air-pressure-driven flows Table 2 . Comparison of typical particle diameters for various aerosol experiment setups, sampling instruments, and atmospheric conditions. Although biphasic microfluidics is typically operated at droplet sizes at the large end of coarse mode aerosol and into the cloud droplet regime, more refinement of microfluidic droplet generation techniques will lower the smallest diameters accessible to microfluidic experiments. Figure S1B ), where compressed air is supplied to a reservoir of liquid which is connected to the microfluidic device by rigid tubing (Bong et al. 2011) . Flow calibration relating air pressure to volumetric flow rates are easily obtained, and computer-controlled pressure regulators allow automated flow control during an experiment. Because of the small size of microfluidic devices, thermal equilibrium driven by a temperature-controlled microscope stage is possible. Recent studies use microfluidic devices to generate water droplets which are then collected in a trap array and transferred to a cryostage to observe freezing events which characterize the presence of ice nuclei particles within those droplets (Riechers et al. 2013; Reicher et al. 2017) . A multi-zone, custom-built cold stage (see Figure 3a) has been used to homogeneously freeze water droplets near ¡40 C (Stan et al. 2009 ). Thermoelectric temperature control devices, such as Peltier elements, can be conveniently incorporated into multi-layer lab-on-achip devices (Erickson and Li 2004 ). An embedded electric heater can induce surface tension gradients which precisely control the size of daughter droplets formed during parent droplet breakup in a bifurcated channel (Ting et al. 2006) . Temperature-dependent interfacial tension measurements based on droplet deformation have been performed by integrating microheaters into a conventional contractionexpansion device (Lee et al. 2017) . Temperature-induced surface tension gradients can also be generated using lasers, and the resulting thermo-capillary effects can be harnessed to block droplet motion, leading to merging of droplets (Baroud et al. 2007 ).
Chemical gradients are also possible in microfluidic devices, which serve as viable platforms to recreate and study cellular systems in vitro (Zhang et al. 2015; Shamloo and Amirifar 2016) . The motion of cells in response to the release of certain bio-chemicals leads to the phenomenon called chemotaxis, and such motion is dominated by diffusion (P e < 1) due to chemical gradients rather than flow-induced advection. Micro-tunnels interlinking two main flow channels in a microfluidic chip create a chemical gradient parallel to the direction of flow, inducing chemotaxis (Li et al. 2007 ). Flow-focusing in a microfluidic device containing a membrane (see Figure 3b ) can create concentration gradients for cellbased assays in a shear-free environment (Morel et al. 2012) . Conversely, convection-based gradients can be generated in a microfluidic channel (P e > 1). These designs have been used in biological applications to study the behavior of cells in dynamic flow-dominated environments (Toh et al. 2014) . Additionally, chemical gradients can be created by employing a so-called 'Christmas tree design' which incorporates multiple serpentine mixing channels in a pyramid-shaped arrangement and has primarily been used to study the chemotaxis of cells in the presence of diverse, time-varying chemical gradients (Jeon et al. 2002) . Use of chemical gradients may find applications in studies of biological aerosol particles and their response to different environments.
Electric fields applied to microchannels sort particles by the implementation of two distinct physical mechanisms, namely, electrophoresis and dielectrophoresis (Zhu and Xuan 2009) . While electrophoretic techniques are effective for particles containing charged species, dielectrophoresis is exhibited by neutral particles subjected to a nonuniform electric field (Rahman et al. 2017 ). Dielectrophoresis using microelectrodes placed beneath a PDMS channel has been employed to achieve rapid sorting of droplets and particles (Ahn et al. 2006) . Forces greater than 10 nN were produced on a water droplet and sorting rates in excess of 1.6 kHz were achieved using this setup. Electrophoresis, while also traditionally applied in applications involving particle or cell sorting (Shields et al. 2015) , can be applied to perform measurements of fundamental properties such as electrophoretic mobility and zeta potential (Karam et al. 2017 ).
Picoliter to microliter-sized droplets placed in contact with a conducting substrate can be manipulated using electric or magnetic fields, using a microfluidic platform called 'digital microfluidics' (DMF). DMF systems typically constitute an array of electrodes coated with insulating and hydrophobic materials, such as Teflon-AF, on which droplets are manipulated (Abdelgawad and Wheeler 2009 ). DMF employs electro-wetting to manipulate discrete drops by harnessing the gradients in interfacial energy caused by applying a voltage across the electrode array (Welters and Fokkink 1998) . One difference between digital systems and conventional microfluidic systems is the absence of channels, pumps, or valves, which are not required for digital systems. Another difference is that digital systems can be used to manipulate each droplet to perform trapping, merging, splitting, or transport operations independent of others, whereas a conventional microfluidic device carries out these same operations on a series of droplets. Additionally, digital systems allow droplets to be exposed to air, without necessarily having to be confined in an outer immiscible fluid, to accommodate carrying out operations such as evaporation of droplets. However, if the intent is to avoid evaporation, droplets can either be encapsulated in an oil film (Fair et al. 2004) , or immersed in an immiscible oil phase between a top plate (ground electrode) and bottom plate containing the active electrode array (Fair et al. 2007) . DMF platforms integrated with conventional microfluidic platforms are also gaining popularity, because sample collection, reagent mixing, and transport can be easily performed in a DMF device, followed by sorting and other high-throughput operations in a micro-channel device .
Digital microfluidic platforms have been employed for aerosol particle sampling and analyte detection. One study combines a conventional impactor with a DMF device to achieve rapid detection of inorganics such as sulfates in aerosols (Fair et al. 2004 (Fair et al. , 2007 . In this work (see Figure 3c ), a stream of aerosol particles is directed towards a section of the digital microfluidic chip containing electrodes on the bottom surface. After impaction of the aerosol, a microliter droplet is manipulated using electrowetting to collect the aerosol particles as the droplet is transported across the surface (also called the washing stage). Thereafter, the droplet is treated with reagents to measure the concentrations of analytes present in the sample with the aid of on-chip LEDs and photo detectors. The DMF impactor device can also encapsulate the droplet in an oil film to arrest evaporation (Fair et al. 2004) and to perform the remaining operations (detection of analytes) using two-plate electrodes with silicone oil between the plates (Fair et al. 2007 ). The DMF method of sample collection and detection has sampling intervals as short as 1 min, which is a significant improvement over conventional filter sampling techniques which require longer sampling intervals and manual extraction of the filters. Moreover, the sample collected by the scanning droplet is more highly concentrated because the DMF method consumes extremely small volumes of reagent.
DMF devices can also be employed for sample preparation for mass spectrometry, to achieve off-line as well as in-line analysis of samples (Kirby and Wheeler 2013) . For example, dried blood spot samples preserved on a filter paper medium were extracted using solvent droplets on a digital microfluidic chip and then analyzed using Nanoelectrospray Ionization Mass Spectrometry (Jebrail et al. 2011) . In-line analysis can be facilitated by using capillary or microchannel emitters which introduce the sample directly from the DMF device to the mass spectrometer, without manual handling of the samples (Jebrail et al. 2011; Shih et al. 2012; Kirby and Wheeler 2013) .
The flow concepts and microfluidic controls presented here can be used in a variety of applications relevant for aerosol scientists. The next two sections of this review present a number of potential applications and are organized as follows. First, using microfluidics for chemical and physical measurements is discussed in Section 3. In this application, microfluidic devices are the instruments on which these measurements are made and the goal of the measurement is to characterize the properties and behavior of the dispersed phase. Second, in Section 4, using microfluidics to mimic physical phenomena as a complement to traditional single particle methods is discussed. In this application, microfluidic devices are the platform on which experiments are performed to mimic phenomena which occur in atmospheric aerosol particles.
Chemical and physical measurements
In laboratory studies aimed at understanding fundamental chemical and physical mechanisms found in atmospheric aerosol particles, chemical mimics are often used as key surrogates for ambient particles. In environmental chambers, inorganic electrolytes are often used as seed particles for secondary aerosol growth during experiments (Cocker et al. 2001) . Biogenic salts are also an important aerosol seed in the atmosphere (P€ ohlker et al. 2012) . The chemical mechanisms which lead to secondary organic aerosol formation from gas-phase precursors are often studied and characterized with lab-synthesized intermediate chemicals Zhang et al. 2012; Kramer et al. 2016) . Heterogeneous chemistry which occurs in ambient aerosol particles is also mimicked in laboratory beakers to understand how chemical processing proceeds in the atmosphere (Shapiro et al. 2009; Sareen et al. 2010; Schwier et al. 2010; Li et al. 2011; Schwier et al. 2012 Schwier et al. , 2013 . Microfluidics may be employed for these studies and has some advantages over traditional bulk techniques; notably that required sample volumes are typically much smaller and yet many repeat measurements may be made. This section highlights a few applications in which microfluidics can be used for chemical and physical measurements of aerosol chemical mimics.
Interfacial measurements
Surfaces of aerosol particles can constitute a significant driving force behind atmospheric phenomena such as ice and cloud condensation, evaporation and condensation kinetics, and particle morphology (Bertram et al. 2001; Folkers et al. 2003; McNeill et al. 2006; George and Abbatt 2010; Baustian et al. 2012; Davies et al. 2013) . Surface tension, s, the molecular tension at the interface between a solid or liquid phase and a gas, results from unbalanced intermolecular attraction which causes surfaces to contract spontaneously to minimize the surface area, or free energy of the interface (Davies and Rideal 1963) . The surface tension of liquid aerosol particles appears in K€ ohler theory for cloud condensation nuclei (CCN) activation (K€ ohler 1936) . Surface-active agents are abundant in the atmosphere and have been found to lower the surface tension of aqueous aerosol droplets from that of pure water (Shulman et al. 1996; Facchini et al. 1999; G erard et al. 2016; Petters and Petters 2016) . However, in many ways, the exact influence of aerosol surface tension on CCN activation remains an open question and is an active area of research (Farmer et al. 2015; Nozi ere 2016; Ruehl et al. 2016) .
In addition, aerosol particles can have multiple liquid phases, and their morphology can be predicted (at equilibrium) from the interfacial tensions between each phase. Interfacial tension, g, is the more general term describing the tension at any interface between solids, liquids, or gases. In general, for an aerosol particle at equilibrium consisting of two immiscible liquids (L1 and L2) suspended in air (G), the angles between the three interfaces (one liquid-liquid and two liquid-gas interfaces) satisfy Neumann's equilibrium condition, which is given as
where S is called the spreading coefficient (Torza and Mason 1970; Reid et al. 2011 ). If S is positive, in this definition, liquid 2 will spread over liquid 1 spontaneously, thereby forming a core-shell morphology (Kwamena et al. 2010) . Thus, determination of the interfacial tensions between the liquids and the surface tensions with air of a multiphase liquid aerosol particle allows a thermodynamic prediction of ambient aerosol morphology. A recent study demonstrated the use of microfluidic interfacial tension measurements on the aerosol chemical mimics (see Figure 4a) (Metcalf et al. 2016; Boyer and Dutcher 2017) . Mixtures of methylglyoxal and formaldehyde in aqueous ammonium sulfate were characterized for their interfacial tension with silicone oil, a proxy (in density and surface tension) for an immiscible organic liquid phase. The study revealed that (1) interfacial tension behaves largely as surface tension with air as measured in an independent study , meaning that the microfluidic measurements may be used to assess the surface activity of compounds within the aqueous phase (Boyer and Dutcher 2017) ; and (2) microfluidic interfacial tension measurements in combination with surface tension measurements to calculate the spreading coefficient indicates that a reactive methylglyoxal-formaldehyde-ammonium sulfate aerosol particle would evolve its morphology if mixed with an immiscible organic liquid (Metcalf et al. 2016 ).
Mixing and chemical processing
For experiments requiring little to no mixing or those which seek to examine slower phenomena, residence time in microfluidics devices can be carefully controlled such that the extent of diffusional mixing can be carefully engineered (Brody et al. 1996; Brody and Yager 1997) . These are experiments in which the P eclet number is small, allowing diffusional mixing to occur along the length of a flow channel or at the intersection of opposing flows in a cross-slot geometry. Controlled mixing of laminar flows can be used to deliver chemical reactants to, for example, target a single living cell with a reagent at sub-cellular spatial resolution (Takayama et al. 2001) or to control the width of a chemical reaction for the purposes of fabricating a metal wire smaller than 10 mm wide (Kenis et al. 1999) . Diffusional mixing can also be exploited to create membrane-less chemical reactors such as fuel cells (Choban et al. 2004 ). In atmospheric aerosol science, precisely controlled chemical reactions can be exploited to study reaction pathways and mechanisms, especially in aqueous-phase chemistry.
Droplets or slugs of one fluid suspended in another can be used as micro-reactors in which diffusional mixing is aided by internal circulation while a droplet or slug travels along a straight channel . To hasten mixing within laminar flows, for situations when diffusion alone is too slow, the flow channel geometry is often designed to mimic a "twisted-pipe" configuration, which enables chaotic advection to enhance the mixing process (Aref 1990; Jones et al. 2006) . The mixing within droplets or slugs that are used as tiny chemical reactors is greatly enhanced by the mechanical mixing in these channel geometries (see Figure 4b) (Song et al. , 2006 . At the microscale, diffusion is enhanced by folding the immiscible fluids onto each other to increase the interfacial area between them over which diffusion can occur (Liu et al. 2000) . Mechanical mixing in a twisted pipe or serpentine flow pattern is also known to aerosol scientists; however, this configuration is avoided when possible. In aerosol sampling lines, bends cause secondary flows which mix the carrier gas but also cause increased particle losses to the tubing walls due to an increase in inertial forces acting on the aerosol particles in flow (Tsai and Pui 1990) . In contrast, inertia typically does not play a role in microfluidics (Figure 2) , meaning that mechanical mixing may be employed in studies to simulate aerosol phase chemistry without wall losses.
Many advanced processing techniques have already been developed for droplet microfluidics. Synthesis of polymeric particles is achieved by forming a droplet of desired shape and size of a precursor liquid followed by curing with various methods (Steinbacher and McQuade 2006) . Polymerization can be done by heating (Sugiura et al. 2001a (Sugiura et al. , 2002 , UV exposure (Dendukuri et al. 2005; Xu et al. 2005) , or interfacial polymerization reactions (Quevedo et al. 2005; Takeuchi et al. 2005) . Batch curing can take place while constantly flowing fluid through a microfluidic device and curing with patterned UV exposure, and recent advances have used air-pressure-driven flow to rapidly, temporarily stop the flow to achieve more precise UV exposure (better curing) while maintaining high throughput of the overall particle generation (Dendukuri et al. 2007 ). Many of these processing techniques may be employed to initiate chemical reactions or other physical phenomena relevant to aerosol science. Because of the small-scale, focused and repeated laser pulses may initiate photochemical reactions in the same way that environmental chambers use UV lights.
Optical measurements
By far, the majority of microfluidic experiments are performed on a microscope where the most basic on-chip measurement available is visual microscopy; that is, taking an image of the device and fluid flow with an attached camera. Brightfield and darkfield microscopy images rely on a refractive index contrast between immiscible liquid phases or between suspended particles and the surrounding liquid. Brightfield imaging is used to determine interfacial boundaries for physical property measurements. Fluorescence microscopy, on the other hand, typically excites the sample with a pulse of light at one (range of) wavelength(s) and then images at a shorter (range of) wavelength(s) to measure the excitation from the sample. Fluorescence is typically used in biological agent detection; however, a recent study used fluorescence microscopy to image phase-separated atmospheric aerosol (You et al. 2012) . In either imaging scenario, high-speed cameras, with frame rates in excess of 10,000 images per second, allow capture of fast, dynamic phenomena, such as interfacial deformation and relaxation.
Microfluidic technology for biological agent detection is gaining popularity due to portability, low fabrication costs, and low reagent consumption. Moreover, microfluidic platforms can integrate analysis with sampling and enrichment into a single lab-on-a-chip device. While this platform has been used extensively for pathogen sensing in a liquid medium for assays, the main challenge in airborne pathogen detection using microfluidics is the introduction of samples into the device (Sackmann et al. 2014) . Several different methods for sampling have been devised, the simplest being direct introduction of the sample into the device using a vacuum pump (Bian et al. 2016 ). This air sampler, which consists of a double spiral microfluidic channel with a micro-pump at the inlet, is designed to be portable and, hence, convenient for on-site detection of airborne pathogens. The pump aspirates the airflow containing pathogens into the device, and the spiral channel with wave-like and herringbone structures causes them to be trapped in the device. The microfluidic sampler collects and enriches samples much more efficiently than conventional methods, including plate sedimentation of pathogens in a culture medium. A similar design uses a multi-layer PDMS device with S-shaped micro-channels for specific sampling of airborne mycobacterium tuberculosis (Jing et al. 2013 (Jing et al. , 2014 . Further, the bacteria collected in the 'enrichment' chip is treated with a buffer solution, which is introduced into a separate 'immunoassay' chip for analysis. In this particular setup, both enrichment of the sample as well as analysis are performed using microfluidics, albeit on two separate chips.
Alternatively, aerodynamic lenses can be used to collect and focus airborne particulate matter onto a microfluidic device (see Figure 4c) (Damit 2017) . The aerodynamic lens in this setup serves the function of enriching the air stream with aerosol particles (Novosselov et al. 2014) . The aerodynamic lens is followed by a capillary tube, which, in addition to transporting the particles onto the microfluidic device, also exerts air pressure on the open, detection section of the microchannel. This detection port interfaces the droplets inside the microchannel with the air stream from the capillary for collection of aerosol particles into a pinched droplet, similar to an impactor. Droplets formed in the microfluidic device encapsulate particles from the air stream to allow mixing and reaction with known reagents in the droplet followed by fluorescence detection to determine bioaerosol loading.
A third technique for aerosol particle collection and introduction into a microfluidic device is a condensing module, which cools hydrosolized aerosol containing pathogens onto a plate before it is transported to a microfluidic chip for detection of bioluminescence . Separation of dust particles from airborne pathogens is necessary in order to isolate the pathogens for analysis. Separation has been achieved either by dielectrophoresis (Moon et al. 2009) or by harnessing effects of Dean flow in curved microchannels for inertial separation (Bian et al. 2016 ).
Single particle manipulation
In addition to using microfluidics to characterize fluids and their reaction products, droplet microfluidics may be used to manipulate individual objects through sorting and trapping methods. Highly monodisperse droplets can be rapidly generated and used in experiments which complement existing single-particle experiments employed by aerosol scientists. In this section, on-chip sorting of droplets and particles will be discussed, followed by methods for single particle confinement and manipulation using hydrodynamic and other fields.
Droplet and particle sorting
Sorting techniques with microfluidic platforms may find applications in screening of aerosol particles by size or chemical composition, with high throughput and significantly reduced residence times. One simple and costeffective technique, called 'pinched flow fractionation' (PFF) uses a microfluidic device with multiple outlets for sorting droplets based on their size (Maenaka et al. 2008 ). The incoming sample flow, consisting of a polydisperse emulsion, is pinched by a second flow of pure carrier fluid before entering a wider flow channel (see Figure 5a ). The pinching of the flow pushes smaller particles or droplets closer to the wall than larger ones due to particle inertia and drag forces. As the flow profile spreads out in the wider flow channel, the small differences in the positions of these particles become exaggerated, thus facilitating easy separation of droplets by size into multiple outlet channels.
Several techniques similar to pinched-flow fractionation employ hydrodynamic forces alone to achieve sizebased separation of deformable droplets and particles (e.g., blood cells) as well as nondeformable particles (e.g., polystyrene beads). For example, a device consisting of curved and cascaded microchannels separates particles based on the principle of inertial focusing; that is, an interaction between Dean drag forces (arising from secondary flow caused by the curvature of the microchannels) and inertial lift forces (responsible for steering particles away from the sides and center of the microchannels) (Di Carlo et al. 2008) . A membraneless 'H-filter' is capable of performing size-based separation of particles in parallel laminar flow streams based solely on size-dependent variations in the diffusion coefficient of particles (see Figure 5b ) (Brody and Yager 1997; Squires and Quake 2005) . For larger particles, the hydrodynamic resistance in a microfluidic channel is greater, leading to so-called 'passive microfluidic circuits' in which variations in hydrodynamic resistance due to particle size induce modulations in flow patterns to achieve sizebased separation of particles (Cartas-Ayala et al. 2012) .
Apart from size-based sorting, complex techniques for reaction-based sorting are also used by employing external fields. Dielectrophoresis is used to separate mutant enzymes from cells after activation by a fluorescence intensity-based signal (see Figure 5c ) (Agresti et al. 2010; Mazutis et al. 2013) . Cells containing the enzymes are encapsulated in aqueous droplets which carry substrates that fluoresce when the reaction commences. If the fluorescence signal from a drop is above a certain threshold value, the sorting electrodes are activated, thereby enabling separation of the mutant enzymes. Several optical techniques employing lasers, including Raman tweezers (Pil at et al. 2014) , scanning laser optical trapping (SLOT) (Mio et al. 2000) , and diode laser bars (Applegate et al. 2004 ) can be implemented for efficient and precise sorting of particles.
Trapping and manipulation
The study and mechanical manipulation of trapped material using flow in hydrodynamic stagnation points goes back at least to 1934 when G. I. Taylor constructed a device called a 'four-roll mill' (Taylor 1934) . The four-roll mill was used to study the breakup of macroscopic spherical droplets when subjected to shear and extensional forces. More recently, a microfluidic version of Taylor's four-roll mill was designed to provide superior control over the flow field conditions and to trap microscopic particles at a stagnation point (Hudson et al. 2004 ). The device consists of six crossing channels arranged in a chiral pattern. However, while extensional flow is readily obtained, shear and rotational flows at the stagnation point are more difficult in small aspect ratio devices (<»2) (Phelan et al. 2005) . Improvements to the microfluidic four-roll mill design were achieved with additional geometry creating four in-flow and four out-flow channels which allow all flow types from pure rotation to pure extension to examine microdrop deformation and single molecule dynamics (Lee et al. 2007 ). Extensional flows are also possible in a much simpler cross-slot geometry (see Figure 6a) , a design in which opposing fluid streams create a stagnation point at the center of a four-channel cross (Islam et al. 2004; Pathak and Hudson 2006; Dylla-Spears et al. 2010) . A planar extensional flow field at a stagnation point was utilized to trap and extend single molecules of DNA to detect specific sequences in the structure (Dylla-Spears et al. 2010) . Microfluidic cross-slot designs have been further optimized to extend the region of homogeneous extensional strain over a larger area (Haward et al. 2012; Galindo-Rosales et al. 2014) . Fine control of the stagnation point is facilitated by fabricating a two-layer PDMS device (see Figure 6b ) (Tanyeri and Schroeder 2013) .
Growing interest in stagnation point flows in microfluidic devices was driven by the ability of such devices to effectively trap single cells, molecules, droplets, bubbles, and vesicles for study of their properties. Hydrodynamic traps allow nonperturbative, noncontact, fine-scale confinement and manipulation of single droplets or particles for long periods of time (Tanyeri et al. 2011; Tanyeri and Schroeder 2013) . Particles are trapped in continuously flowing solution, allowing for rapid changes of the surrounding medium to be made during experiments. "Hydrodynamic tweezers" employing microeddies have also been used to gently trap and position single cells for analysis in a microfluidic device without artificially affecting their behavior (Lutz et al. 2006) . A recently developed microfluidic "Stokes Trap" (see Figure 6c ) is capable of trapping one or more colloidal particles in a four or sixchannel trap design with multiple stagnation points (Shenoy et al. 2016) . Trapping is achieved by implementing an optimization algorithm to exert fine-scale control over the pressures in fluidic reservoirs in a pressure-driven flow system, without the need for a separate control layer on the microfluidic chip. The flexibility afforded by the Stokes trap design has tremendous potential, not just for confining multiple particles, but also for studying the dynamics of droplet coalescence. A hydrodynamic trap can trap particles of an arbitrary physicochemical complexity and serves as a complementary technique to alternative single-particle methods using optical, electric, magnetic, or acoustic fields for confinement (see Table 2 ).
Outlook
In the field of aerosol science, microfluidic flows and devices are largely underused, yet potentially transformative to the field (see Table 3 for potential applications). Biphasic microfluidics can be used to sort, process, trap, and manipulate droplets and particles for chemical and physical measurements. Because microfluidic devices most often use liquid phases, a Particle-into-Liquid Sampler (PILS) (Weber et al. 2001; Sorooshian et al. 2006 ) could be used for collection of ambient water-soluble aerosol species for microfluidic measurements. PILS instruments have been used for vial collection for offline analyses (Bateman et al. 2010 ) and for online measurements by coupling to a Total Organic Carbon analyzer (Sullivan et al. 2004) or in conjunction with mass spectrometry to detect tracers from biomass burning in ambient aerosols (Saarnio et al. 2013) . Both offline and online modes of the PILS could be adapted for microfluidic measurements to take advantage of the small sample volumes required for typical microfluidic experiments.
Another future direction of these fields might be to further integrate microfluidic techniques with ambient aerosol sampling. While particle impaction onto a digital microfluidic device is already in use, as discussed above, more work can be done to refine these techniques with an aerodynamic lens for concentrating the aerosol. Integration with a spot sampler to grow smaller particles for a wider size range of impaction onto microfluidic devices may greatly enhance the sampling capabilities of these devices (Eiguren-Fernandez et al. 2014) .
When using either collected samples or chemical mimics of atmospheric aerosols, a number of new avenues of study will be available, offering advantages over traditional aerosol techniques. These advantages include low fabrication costs, rapid repeatability of experiments, fast equilibration times, and single-droplet, noncontact methods for experimentation.
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